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Traumatic brain injury (TBI) is characterized by a complex pattern of abnormalities in resting-state functional connectivity (rsFC)
and network dysfunction, which can potentially be ameliorated by rehabilitation. In our previous randomized controlled trial, we
found that a 3-month neurological music therapy intervention enhanced executive function (EF) and increased grey matter volume
in the right inferior frontal gyrus (IFG) in patients with moderate-to-severe TBI (N = 40). Extending this study, we performed
longitudinal rsFC analyses of resting-state fMRI data using a ROI-to-ROI approach assessing within-network and between-
network rsFC in the frontoparietal (FPN), dorsal attention (DAN), default mode (DMN), and salience (SAL) networks, which
all have been associated with cognitive impairment after TBI. We also performed a seed-based connectivity analysis between the
right IFG and whole-brain rsFC. The results showed that neurological music therapy increased the coupling between the FPN
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and DAN as well as between these networks and primary sensory networks. By contrast, the DMN was less connected with
sensory networks after the intervention. Similarly, there was a shift towards a less connected state within the FPN and SAL
networks, which are typically hyperconnected following TBI. Improvements in EF were correlated with rsFC within the FPN
and between the DMN and sensorimotor networks. Finally, in the seed-based connectivity analysis, the right IFG showed
increased rsFC with the right inferior parietal and left frontoparietal (Rolandic operculum) regions. Together, these results
indicate that the rehabilitative effects of neurological music therapy after TBI are underpinned by a pattern of within- and
between-network connectivity changes in cognitive networks as well as increased connectivity between frontal and parietal
regions associated with music processing.
1. Introduction
Each year, there are over 50 million cases of traumatic brain
injury (TBI), and it has been estimated that approximately
half of the world’s population will sustain at least minor TBIs
during their lifetime [1]. The consequences of TBI can be
fatal; it is the leading cause of mortality in young adults and
a major cause of death and disability across all ages world-
wide. Depending on the injury mechanism, TBI can cause
different pathophysiological changes in the brain such as
diffuse axonal injury (DAI), bleeding, and contusions. Due
to TBI’s widespread effects that are dominant in the white
matter tracts, it can be viewed foremost as a disorder of
large-scale intrinsic connectivity networks [2]. DAI has also
been shown to correlate with persistent cognitive impair-
ments after TBI [3]. Despite the broad variety of symptoms
that can follow after TBI, the most prominent cognitive
impairments affect attention, memory, and executive func-
tion (EF) [1, 3–6]. These high-level cognitive functions
require the integration of information across spatially dis-
tinct brain regions, which make them particularly vulnerable
to connectivity problems. In fact, deficits in EF are deemed to
be the core symptoms of TBI [7, 8], particularly in moderate-
to-severe cases that are at focus here. Although there is no
consensus on the exact definition of EF, it is thought to
encompass several cognitive processes including the core
set of shifting, inhibition, and updating [9]. Given the hetero-
geneous and complex nature of TBI and the major burden
imposed upon individuals and society, there is an urgent
need to develop novel and motivating rehabilitation strate-
gies that target multiple deficits simultaneously, yet with a
primary focus on EF.
Music is a very promising tool in TBI rehabilitation,
because both music listening and participating in musical
activities evoke widespread brain activation [10]. Musical
creativity has recently been linked to the functioning of
various resting-state networks including the default mode,
executive, salience, limbic, and motor-planning networks
[11]. It has also been shown that musical training enhances
EF in healthy subjects and increases the engagement of the
cognitive control network, which shares most of its nodes
with the frontoparietal network [12–20]. Crucially, music
has been shown to be an effective tool in enhancing cognitive
and emotional recovery in neurological patients [21–24].
Since brain injury patients are usually able to enjoy and par-
ticipate in musical activities [25], neurological music therapy
can potentially contribute to restore the EF deficits observed
in TBI patients [26]. Until recently, this question had been
addressed by only three studies exploring the cognitive effects
of music-based interventions after TBI [27–29]. Evidence
from these studies indicated that music-based rehabilitation
can indeed lead to cognitive recovery after brain injury, espe-
cially in the domain of mental flexibility, as well as activity
and connectivity changes involving the orbitofrontal cortex,
whose damage after TBI is associated with behavioral impair-
ment [30]. However, these studies presented important
limitations with regard to the sample size, lack of a proper
randomized controlled design including a patient control
group, and inclusion of patients with brain injury not caused
by trauma.
We have conducted the first-ever randomized controlled
trial (RCT) of neurological music therapy in a cohort of 40
moderate-to-severe TBI patients, where different domains
of EF, attention, and memory were systematically analyzed.
We used a single-blind cross-over design with 3 timepoints
(baseline/3 months/6 months) for neuropsychological assess-
ment and s/fMRI acquisition. The neurological music ther-
apy consisted of 20 individual therapy sessions held by a
trained music therapist over a 3-month period (see Materials
and Methods for more details) and was targeted primarily to
the rehabilitation of EF, attention, and working memory. In a
previous publication, we reported that the music-based inter-
vention induced cognitive improvement in general EF per-
formance as well as in set-shifting [31].
In addition to demonstrating this improvement in neuro-
psychological performance, in [31], we conducted a voxel-
based morphometry (VBM) analysis to investigate the
volumetric changes induced by the music therapy. This
analysis was motivated by a previous work showing that
environmental enrichment, such as that provided by musical
activities, can increase the cognitive reserve and promote
adaptive structural neuroplasticity changes [32–34], includ-
ing stroke patients [22]. Our VBM results indicated that
TBI patients showed an increase in grey matter volume
(GMV) in different brain regions involved in music process-
ing and cognitive function after the intervention. A therapy-
induced increase in GMV was seen especially in the right
inferior frontal gyrus and was correlated with enhanced set
shifting ability.
Resting-state functional connectivity (rsFC) is character-
ized by task-free spontaneous fluctuations in brain activity
that occur synchronously across spatially distant regions
[35]. These fluctuations can be measured with the blood-
oxygen-level-dependent response at low frequencies (usually
under 0.15Hz) and are spatially organized in resting-state
networks (RSNs) [36] that mirror activity evoked during cog-
nitive tasks [37, 38]. Examining rsFC after TBI is an active
area of investigation motivated by the fact that DAI, a
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common pathology reported in all severities of TBI [39, 40],
damages axonal wiring that partly underlies functional con-
nectivity across RSNs [3]. The loss of integration of informa-
tion in large-scale brain networks, which ultimately impairs
high-level cognitive function, makes the study of rsFC after
brain injury especially relevant [36, 41–43].
rsFC studies of TBI patients have revealed both increases
and decreases in network connectivity, including the default
mode (DMN) and salience (SAL) networks as well as multi-
ple sensory and cognitive networks across the spectrum of
injury severity [44–49]. For example, decreased rsFC has
been observed within five network pairs (DMN-basal ganglia,
attention-sensorimotor, frontal-DMN, attention-frontal, and
sensorimotor-sensorimotor; [49]) and within the motor-
striatal network, in contrast to increased connectivity within
the right frontoparietal network (FPN) [47]. In several cases,
these abnormalities correlated with postconcussive symp-
toms [44, 48] and cognitive impairment [50].
Despite the complex abnormalities of interactions within
and between RSNs following TBI, it is possible to identify
some distinctive patterns. Within networks, reduced rsFC
within the nodes of the DMN predicts attentional impair-
ment [41]. Such association could be driven in turn by
damage to the cingulum bundle connecting the nodes of
the DMN. The temporal coordination between networks,
which is important for efficient high-level cognitive function,
has also shown consistent abnormalities after TBI. According
to an influential model of cognitive control [51], the switch-
ing from automatic to controlled behavior is mediated by
the interaction between the SAL and DMN networks, includ-
ing deactivation of the DMN to attend unexpected external
events. Indeed, TBI patients exhibit a failure to appropriately
deactivate the DMN, which is associated with impaired
response inhibition to a stop signal [41].
The paradoxical yet well-documented finding that
functional connectivity may increase secondary to TBI
[44–46, 52–56] has given rise to the “hyperconnectivity”
hypothesis to explain the evolution of brain network reorga-
nization after neurological disruption [57]. In this context,
hyperconnectivity is defined as enhanced functional connec-
tivity in the number or strength of connections. It is thought
to affect preferentially RSNs with high-degree nodes, also
known as network hubs, such as the frontoparietal (FPN),
DMN, and SAL networks. Although this hyperconnected
state may be adaptive in the short term in order to reestablish
network communication through network hubs, Hillary and
Grafman [57] have argued that it may have negative conse-
quences due to the chronic enhancement of brain resource
utilization and increased metabolic stress. In support of this
view, abnormal functional connectivity has been associated
with increased self-reported fatigue, which is a highly com-
mon and debilitating symptom after TBI [58]. Over a longer
period of time, this hyperconnectivity may even lead to late
pathological complications including Alzheimer’s disease
[59, 60], where amyloid beta deposition has been linked to
the neurodegeneration of posterior DMN hubs with high
metabolic rate [61–63].
In the present study, we extend our previous findings by
analyzing rsFC from a subset of moderate-to-severe TBI
patients (see Materials and Methods for more details) in this
music therapy RCT [31]. We used a seed-to-target approach
to analyze the reconfiguration of RSNs induced by the
neurological music therapy, selecting seeds from the nodes
of four key networks: the DMN, SAL, FPN, and dorsal atten-
tion (DAN) networks. The current work is grounded in two
main hypotheses: (1) the music-based intervention leads to
enhanced coordination activity between attention and execu-
tive function (DAN, FPN) supporting networks and sensory
networks that are engaged during the music therapy; and
(2) the music-based intervention elicits reduced connectivity
of nodes within the SAL, DMN, and FPN networks. In addi-
tion, we examined the relationship between the changes in
rsFC within and between networks and the therapy-
induced improvement in EF shown previously with neuro-
psychological testing [31]. We anticipated that the FPN
would be less connected in TBI patients with better EF per-
formance, as the hyperconnectivity hypothesis predicts.
Lastly, in a similar vein to the approach adopted by Han
et al. [64], we conducted an exploratory seed-to-voxel analy-
sis to elucidate the link between whole-brain rsFC and GMV
enhancements induced by the neurological music therapy.
2. Materials and Methods
We conducted a single-blinded cross-over RCT (trial num-
ber: NCT01956136) with a 6-month follow-up phase. Upon
recruitment, patients were randomly assigned to one of the
two groups: AB and BA. During the first 3-month period,
the AB group received neurological music therapy (NMT)
in addition to standard care, whereas the BA group received
only standard care. During the second 3-month period, the
BA group received the music therapy intervention and
standard care and the AB group received only standard care.
Baseline measurements were administered at timepoint 1
(TP1), and follow-up measurements were conducted at the
3-month cross-over point (TP2) and at the 6-month comple-
tion point (TP3).
2.1. Subjects and Study Design. The subjects analyzed herein
are a subset of our previous study [31]. In the RCT, 40 TBI
patients were recruited through the Brain Injury Clinic of
the Helsinki University Central Hospital (HUCH), Validia
Rehabilitation Helsinki, and the Department of Neurology
of Lohja Hospital, during 2014–2017. The inclusion criteria
were as follows: (1) diagnosed [Statistical Classification of
Diseases and Related Health Problems, 10th revision (ICD-
10)] TBI fulfilling the criteria of at least moderate severity
[Glasgow Coma Scale (GCS) score: ≤12 and/or posttraumatic
amnesia ðPTAÞ ≥ 24h]; (2) time since injury ≤ 24 months at
the time of recruitment; (3) cognitive symptoms caused by
TBI (attention, executive function, and memory); (4) no pre-
vious neurological or severe psychiatric illnesses or substance
abuse; (5) age 16–60 years; (6) native Finnish speaking or
bilingual with sufficient communication skills in Finnish;
(7) living in the Helsinki-Uusimaa area; and (8) understand-
ing the purpose of the study and being able to give an
informed consent.
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To ensure steady allocation to both groups across the
trial, randomization was performed using an online random
number generator (https://www.random.org/) by a person
not involved in patient recruitment or assessments. The ran-
domization was stratified for lesion laterality (left/right/bilat-
eral). Within each of these three strata, the randomization
was done in batches of two consecutive patients. The trial
was conducted according to the Declaration of Helsinki and
was consistent with good clinical practice and the applicable
regulatory requirements. The trial protocol was approved
by the Coordinating Ethics Committee of the Hospital
District of Helsinki and Uusimaa (reference number
338/13/03/00/2012), and all subjects signed an informed
consent.
Of the 40 TBI patients enrolled to the trial, there were
three dropouts before TP2 and another three dropouts before
TP3. The dropouts were mainly due to lack of energy and
motivation. Of the remaining 34 patients, one was excluded
from the analyses due to intensive self-implemented piano
training, which was not part of the trial protocol, and 10 were
excluded from the analyses due to lack of fMRI data owing to
MRI contraindications of the patients preventing scanning,
technical difficulties, and artifacts in fMRI. This yielded a
total sample of 23 patients (AB: n = 15, BA: n = 8) for the
present study. This is a subset of the 25 patients sample with
structural MRI scans from our previous study [31]. 12
patients sustained a lesion within 6 months or less at the time
of recruitment, and 11 patients were in the chronic phase
(more than 6 months since injury).
2.2. Intervention. The NMT intervention consisted of 20
individual therapy sessions (2 times/week, 60min/session)
held by a trained music therapist (authors S.L. and M.H.) at
Validia Rehabilitation Helsinki. The intervention required
no previous musical experience and was adaptable to differ-
ent degrees of injury across TBI patients. The intervention
focused on active musical production with different instru-
ments (drums, piano). Each session included three 20min
modules: (1) rhythmical training (playing sequences of
musical rhythms and coordinated bimanual movements on
a djembe drum and on own body), (2) structured cognitive-
motor training (playing musical exercises on a drum set with
varying levels of movement elements and composition of
drum pads), and (3) assisted music playing (learning to play
own favorite songs on the piano with the help of the therapist
and using a special musical notation system called Figure
Note). The difficulty level of the exercises was initially
adjusted and then increased in a stepwise manner within
and across the sessions, to meet the skill level and progression
of the patient. Musical improvisation was also included in all
modules and encouraged throughout the therapy to facilitate
creative expression (for more details on the neurological
music therapy see [31]).
2.3. Neuropsychological Assessment. An extensive battery of
neuropsychological tests was used to measure the potential
cognitive outcomes of the music therapy intervention. The
battery is fully described in our previous article [31]. Briefly,
it comprised standard neuropsychological tests of general EF
[Frontal Assessment Battery (FAB) [65]], reasoning ability
[Wechsler Adult Intelligence Scale IV (WAIS-IV)/Similari-
ties and Block design subtests [66]], and verbal memory
[Wechsler Memory Scale III (WMS-III)/Word Lists I-II sub-
tests [67] and WAIS-IV/Digit Span subtest [66]] as well as
computerized tests measuring different EF subcomponents,
including set shifting [Number-Letter Task (NLT) [68]],
working memory updating [Auditory N-back Task [69]],
inhibition [Simon Task [70]], and sustained attention [Sus-
tained Attention to Response Task (SART) [71]]. In addition,
a self-report questionnaire measuring the severity of exec-
utive deficits [Behavioral Rating Inventory of Executive
Function-Adult version (BRIEF-A) [72]] was included.
For correlation analyses with the fMRI data, we utilized
only the behavioral data from the general EF (FAB total
score), set shifting (NLT switching cost errors), and self-
reported executive deficits (BRIEF-A/Self-Monitor and Inhi-
bition scales). These measures were selected as they showed a
significant positive effect of the music therapy intervention
in our previous publication, as well as in another publication
in press.
2.4. MRI Data Acquisition. Patients underwent structural
MRI (sMRI) and resting-state functional (rs-fMRI) scanning,
using an 8-channel SENSE head coil, in a 3T Philips Achieva
MRI scanner (Philips Medical Systems) of the HUS Helsinki
Medical Imaging Center at Helsinki University Central
Hospital. In sMRI, we acquired 2 structural images, using
the following: (1) a magnetization-prepared rapid acquisi-
tion gradient echo sequence (MPRAGE, hereafter referred
to as T1) [repetition time ðTRÞ = 9:9ms; echo time ðTEÞ =
4:60ms, flip angle ðFAÞ = 8°, field of view ðFOVÞ = 24:0 ×
24:0 cm; matrix = 272 × 272; 187 slices; slice thickness
0.88mm with no gap] and (2) a fluid-attenuated inversion
recovery (FLAIR) sequence [repetition time ðTRÞ = 8ms;
echo time (TE) shortest; angle = 50°; field of view ðFOVÞ =
9:8 × 9:7 cm; matrix = 228 × 226; 300 slices; slice thickness
0.60mm with no gap].
In rs-fMRI, images were acquired with a T2∗-weighted
image sequence (TR/TE = 2000/35ms; FA = 90°; FOV =
23:0 × 23:0 cm; matrix = 80 × 80, 31 slices; slice thickness
4mm with 0.5mm gap, 145 brain volumes; total scan time
of 4min and 50 sec). During the rs-fMRI acquisition, the
patients were instructed to remain still, eyes open to a fixa-
tion cross to ensure vigilance.
2.5. rs-fMRI Preprocessing. Data were preprocessed using a
standard pipeline in Statistical Parametric Mapping software
(SPM12, Wellcome Department of Cognitive Neurology,
University College London) running under Matlab Release
2018b (The MathWorks, Inc., Natick, MA). The prepro-
cessing methods applied included slice timing correction,
realignment, segmentation, normalization to the MNI tem-
plate (final voxel size 1mm isotropic), and smoothing with
a Gaussian kernel of 8mm full width at half maximum
(FWHM). Focal brain lesions were detected in 11 patients.
As the presence of lesions may influence the normalization
algorithm, cost function masks (CFM) were defined for these
11 lesioned patients, to achieve optimal normalization with
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no postregistration lesion shrinkage or out-of-brain distor-
tion [73]. Binary masks of the lesioned areas were obtained
by manually drawing, on a slice-by-slice basis, the precise
boundaries of the lesion directly into the T1 image from the
TP1 session with MRIcron May 2, 2016 release (https://
www.nitrc.org/projects/mricron). Accuracy of the CFM was
validated by an expert neuroradiologist (author J.P.) who
assessed multiple modalities of neuroimaging data acquired
at TP1 (MPRAGE, FLAIR). For a lesion overlap map of the
patients with visible lesions, see Supplementary Figure S1.
Next, within-subject T1 images from all timepoints (TP1,
TP2, and TP3) were coregistered using the T1 images from
TP1 as the reference to ensure that they remained in spatial
alignment with the T1 images and CFM from this acquisi-
tion. All images and CFM were oriented to the anterior com-
missure before this coregistration step. Unified segmentation
with medium regularization was applied to the T1 images
(masked with CFM for those patients with visible lesions
on the T1); grey matter (GM), white matter (WM), and cere-
brospinal fluid (CSF) probability maps were obtained for
each individual [74]. This procedure is a common practice
in patients with lesions [75].
After preprocessing, outlier identification was performed
using the Artifact Detection Tools (ART) toolbox (https://
www.nitrc.org/projects/artifactdetect). We identified outliers
as scans that exceeded 3 standard deviations in Z-scores from
the global BOLD signal or with linear motion > 2mm.
Regressor files containing the list of outliers for each patient
and session (as one vector per outlier timepoint, each con-
taining 1 for the corresponding outlier and 0 s for all other
timepoints) were saved for the removal of outlier effects.
2.6. rs-fMRI Denoising. We used denoising in order to mini-
mize the variability due to physiological, outlier, and residual
subject-motion effects. The preprocessed output files from
SPM and ART were imported into the CONN toolbox
v(18.b) (https://www.nitrc.org/projects/conn), including the
following subject- and session-specific files: T1 and rs-fMRI
scans; segmented GM, WM, and CSF images; 6 realignment
parameters after rigid body motion correction; and the
regressor files containing the outliers. We used the default
denoising pipeline in the CONN toolbox which comprises
two steps in consecutive order: (1) linear regression of poten-
tial confounding effects in the BOLD signal and (2) temporal
band-pass filtering. Step (1) implements an anatomical
component-based noise correction procedure (aCompCor),
including the following: noise components from cerebral
white matter and cerebrospinal areas [76]; estimated subject-
motion parameters plus their first-order derivatives [77]; iden-
tified outlier scans [78]; constant and first-order linear session
effects [79]. After evaluation of the denoised outputs (residual
BOLD time series), the number of noise components extracted
from the white matter was increased to 10. In step (2), fre-
quencies below 0.01Hz were removed from the BOLD signal
in order to reduce the slow signal drift (0:01Hz < f < Inf).
2.7. Connectivity Pattern Analysis within and between Large-
Scale Networks. To further understand functional connectiv-
ity (FC) changes induced by the NMT from the perspective of
large-scale networks, we used the 8 resting-state networks
(RSNs) comprising 32 regions of interests (ROIs) or nodes
in the CONN toolbox, which are derived from an inde-
pendent component analysis (ICA) of 498 subjects from
the Human Connectome Project [80]. The 8 RSNs included
default mode (DMN), salience (SAL), frontoparietal (FPN),
dorsal attention (DAN), sensorimotor (SM), language
(LAN), visual (VIS), and cerebellar (CER) networks. All of
these networks have been widely reported in the resting-
state literature.
We identified changes in both between-network and
within-network connectivity from those networks that have
shown alterations after TBI [3] or are associated with EF,
memory and attention, which are the most commonly
affected cognitive domains in TBI patients [3–6]. In particu-
lar, we selected ROIs from the DMN, SAL, FPN, and DAN
networks to examine the FC within their nodes and between
their nodes and the rest of the RSN included in the CONN
toolbox.
We used the Fisher-transformed bivariate correlation
coefficient between a pair of ROIs time series [80]. Each pair
of ROIs (i, j) constitutes an element in the ROI-to-ROI
connectivity (RRC) matrix that can be calculated as follows:
r i, jð Þ =
Ð





Z i, jð Þ = tanh−1 r i, jð Þð Þ,
ð1Þ
where R is the BOLD time series within each ROI, r is a
matrix of correlation coefficients, and Z is the RRC symmet-
ric matrix of Fisher-transformed correlation coefficients.
2.8. Longitudinal Analysis of Seed-Based Connectivity
Associated with Changes in GMV. Several studies have shown
that structural and brain connectivity changes may serve as
biomarkers of plasticity in adults with chronic TBI [81, 82].
In our previous study, we demonstrated that neurological
music therapy was able to induce morphometric changes in
chronic TBI patients [31]. In particular, our findings indi-
cated that GMV in the right inferior frontal gyrus (IFG),
among other regions, increased significantly in AB and BA
groups during the intervention versus control period as well
as before and after the intervention period [31]. In addition,
the increase in GMV in the right IFG correlated with cogni-
tive improvement in the EF domain of set shifting [31].
In the current study, we selected the statistically signifi-
cant clusters in the right IFG from the intervention period
analysis to assess their seed-based connectivity in resting-
state, because it was the only region to significantly correlate
with therapy-induced EF improvement. The seeds included
two clusters in the right IFG pars triangularis in standard
space that were imported into the CONN toolbox to compute
seed-to-voxel functional connectivity. For more information
regarding peak coordinate and size of the seeds, see Table 4 in
our previous study [31].
Seed-based connectivity (SBC) maps [80] between each
seed and every voxel in the brain were obtained for each
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subject and session. SBC maps were computed as the Fisher-
transformed Pearson’s bivariate correlation coefficients
between a ROI BOLD time series and the BOLD time series
of each individual voxel, using the following equation:
r xð Þ =
Ð
S x, tð ÞR tð Þdt
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiÐ
R2 tð Þdtx Ð S2 x, tð Þdt
q ,
Z xð Þ = tanh−1 r xð Þð Þ,
ð2Þ
where S is the BOLD time series at each voxel, R is the aver-
age BOLD time series within a ROI, r is the spatial map of
Pearson correlation coefficients, and Z is the SBC map of
Fisher-transformed correlation coefficients for this ROI.
2.9. Quality Assurance. We visually inspected all structural
and functional MRI scans to ensure that patients had no sig-
nificant brain atrophy. In rs-fMRI preprocessing, the quality
of the preprocessed data was visually inspected using the
quality assurance (QA) plots available in the CONN toolbox
(QA normalization, registration, and subject motion). In
rs-fMRI denoising, we inspected the distribution of func-
tional connectivity values for each patient and session after
denoising and adjusted the number of noise components
extracted from white matter to ensure that this distribu-
tion peaked around 0.
2.10. Group-Level Analysis. All group-level analyses were
carried out in the CONN toolbox using the General Linear
Model framework.
In the ROI-to-ROI (R2R) analysis, we calculated Group x
Time interactions (AB > BA × TP2 > TP1; BA > AB × TP3
> TP2) using a mixed-model ANOVA. In order to increase
the statistical power, we also performed a paired T-test pool-
ing data across groups (pre- and post-intervention effect for
the AB and BA groups; AB: T2 > TP1; BA: TP3 > TP2). Fur-
thermore, a paired T-test was performed during the control
period (AB: T3 > TP2; BA: TP2 > TP1) to ensure that the
changes in rsFC were specifically caused by the intervention.
For the AB group, the denoised ROI time series from TP1
were entered as the pre-intervention condition and the
denoised ROI time series from TP2 were entered as the
post-intervention condition. For the BA group, the denoised
ROI time series from TP2 were entered as the pre-
intervention condition and the denoised ROI time series
from TP3 were entered as the post-intervention condition.
For the within-networks analysis, we examined the R2R con-
nectivity of the ROIs within each of the selected four RSNs
(DMN, SAL, FPN, and DAN). For the between-network
analysis, we examined the connectivity between the ROIs of
each of these RSNs (DMN, SAL, FPN, and DAN) with every
other RSN included in the CONN toolbox. As outlined
above, we additionally performed a paired T-test during the
control period for all the within- and between-network anal-
yses. In this case, the denoised ROI time series from TP2 and
TP3 were selected for the AB group and from TP1 and TP2
for the BA group.
In the SBC analysis, we performed a paired T-test post-
intervention rsFC as the seeds were derived from two right
IFG clusters obtained during the intervention period in our
previous VBM analysis [31]. For the AB group, the beta maps
from TP1 were entered as the pre-intervention condition and
the beta maps from TP2 were entered as the post-
intervention condition. For the BA group, the beta maps
from TP2 were entered as the pre-intervention condition
and the beta maps from TP3 were entered as the post-
intervention condition. As in the R2R analysis, we addition-
ally performed a paired T-test during the control period. In
this case, the beta maps from TP2 and TP3 were selected
for the AB group and from TP1 and TP2 for the BA group.
In addition, we confirmed that there were no differences
in rsFC between the AB and BA groups at baseline that could
have driven these effects. Specifically, we performed a two-
sample T-test for the ROI-to-ROI analysis and the seed-to-
voxel connectivity analysis. The ROIs and seeds were selected
as described in 2.7 and 2.8, and we did the same connectivity
comparisons as in the analyses described above.
The statistical parametric maps obtained were corrected
for multiple comparisons based on Gaussian Random Field
Theory [83]. The maps were first thresholded using a
“height” threshold of p < 0:001 and the resulting clusters
thresholded with a cluster-level False Discovery Rate- (FDR-)
corrected p value of <0.05 [84].
2.11. Resting-State Functional Connectivity and Cognitive
Performance.We investigated the link between rsFC and cog-
nitive performance improvements after therapy. We also
performed Pearson’s bivariate correlation analyses between,
on one hand, ROI-to-ROI (R2R) FC changes (found signifi-
cant in the main analyses), and on the other hand, neuropsy-
chological tests measuring general EF (FAB total score), set
shifting (NLT switching cost errors), and the Self-Monitor
and Inhibition subscales of BRIEF-A. The chosen perfor-
mance measures were those which showed a statistically sig-
nificant improvement after the music therapy [described in
[31] and in an article in press]. We used the increment
between pre- and post-intervention for the correlation with
the within-network FPN connectivity results and the incre-
ment between timepoints 1 and 2 for the between-network
DMN connectivity results. FDR with the Benjamini and
Hochberg method [85] was applied to the number of behav-
ioral tests to correct for multiple comparisons.
3. Results
In this rs-fMRI longitudinal study, 145 brain volumes from
23 patients (AB group, n = 15; BA group, n = 8) were
acquired at each of the three timepoints: TP1, (baseline),
TP2 (3 months), and TP3 (6 months).
3.1. Demographics. The demographic characteristics of the
cohort are summarized in Table 1. As in our previous publi-
cation [31], we confirmed that there were no differences in
sociodemographic information, clinical factors, or musical
background in the current sample of patients.
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3.2. Between-Network and Within-Network Resting-State
Functional Connectivity. To investigate the positive effect of
the neurological music therapy on the coordinated activity
between large-scale resting-state networks (RSNs) that are
important for high-level cognitive function, we performed a
ROI-to-ROI (R2R) analysis focusing primarily on the fronto-
parietal (FPN), dorsal attention (DAN), salience (SAL), and
default mode (DMN) networks as source ROIs. Figure 1
shows the results of the between-network connectivity for
these four RSNs, in a paired T-test of pre- versus post-
intervention pooling together data from AB and BA groups
(Figures 1(a)–1(c)) and in the group by time (AB > BA ×
TP2 > TP1) interaction (Figure 1(d)) with p < 0:05 FDR-
corrected at the seed level.
In the pre- versus post-intervention comparison (see
Table S1 for p and T values), we found that the FPN
increased its temporal coupling with the sensorimotor (SM)
and DAN after the music-based intervention. Likewise,
when the DAN was used as a source, we observed increased
between-network connectivity with several nodes of the
visual (VIS) network induced by the intervention. In
particular, the lateral prefrontal cortex in the left hemisphere
from the FPN increased its functional connectivity with the
right sensorimotor lateral node from the SM network
(Figure 1(a)) and the right intraparietal sulcus from the
DAN network (Figure 1(b)). In addition, the latter was also
highly connected with the visual occipital and bilateral visual
lateral nodes from the VIS network (Figure 1(c)). By
contrast, in the AB > BA × TP2 > TP1 interaction (Table S1),
we found that the spontaneous fluctuations between the
medial prefrontal cortex from the DMN network and the
sensorimotor superior node from the SM network were less
coordinated after the intervention (Figure 1(d)). We did not
find any change in the between-network connectivity for the
BA > AB × TP3 > TP2 interaction.
When comparing the AB and BA groups at baseline, we
did not find any difference in the internetwork connectivity
between the nodes of the FPN, DAN, SAL, and DMN net-
works and every other node from the RSNs included in the
CONN toolbox. To confirm that the pre- versus post-
intervention changes in rsFC were driven by the music
therapy, we also conducted a paired T-test pooling together
data from the AB and BA groups for the timepoints in which
they were not participating in the intervention (control
period). In this analysis, we found no significant between-
network increases in rsFC for the FPN-SM, FPN-DAN, and
DAN-VIS pairs.
Next, we compared the connectivity within networks
(Figure 2). In this case, only the pre- versus post-
intervention comparison pooling together the AB and BA
groups (see Table S2 for p and T values) yielded significant
results with p < 0:05 FDR-corrected at the seed level. The
FPN and SAL networks showed a reduction in the
functional connectivity between several of their constituent
Table 1: Demographic, clinical, and musical background information (N = 23 TBI patients).
All AB BA Difference between groups (p)
Demographic information
Age 41.4 (13.2) 41.1 (14.4) 42.1 (11.6) .860 (t)
Gender (female/male) 10/13 7/8 3/5 1.000 (F)
Handedness (right/left/both) 22/0/1 14/0/1 8/0/0 1.000 (F)
Education in years 14.4 (2.5) 14.0 (2.6) 14.9 (2.2) .420 (t)
Clinical information
GCS 12.9 (3.5) 12.8 (3.6) 13.0 (3.6) .967 (U)
PTA classificationa 1.8 (1.0) 1.7 (1.1) 1.9 (0.9) .740 (t)
Cause of injury (traffic-related/fall/other) 7/12/4 5/9/1 2/3/3 .222 (F)
Time since injury (months) 7.8 (6.1) 8.0 (6.1) 7.4 (6.5) .820 (t)
Lesion lateralityb (left/right/both) 6/1/12 3/1/9 3/0/3 .495 (F)
DAIc (yes/no) 11/11 6/8 5/3 .659 (F)
Hemorrhages, bleeds or ischemic injuryc (yes/no) 13/9 9/5 4/4 .662 (F)
GOSEc 5.4 (1.4) 5.2 (1.5) 5.6 (1.2) .521 (t)
NOS-TBId 2.0 (2.2) 2.1 (2.2) 1.9 (2.5) .848 (t)
Musical background
Instrument playing (yes/no) 15/8 10/5 5/3 1.000 (F)
Years of playing 4.7 (10.4) 5.0 (11.7) 4.0 (6.5) .823 (U)
Singing (yes/no) 11/12 8/7 3/5 .667 (F)
Years of singing 5.8 (11.7) 8.2 (14.1) 1.5 (3.1) .330 (U)
Dancing (yes/no) 11/12 8/7 3/5 .667 (F)
Years of dancing 5.3 (10.7) 5.5 (11.3) 4.9 (10.4) .714 (U)
a1 =mild (<24 hours); 2 =moderate (1-7 days); 3 = severe (>7days); 4 = very severe (>4 week). bBased on MRI findings. cGlasgow Outcome Scale Extended.


























































































































































nodes. Specifically, the lateral prefrontal cortex node in
the left hemisphere exhibited less coupling with its
contralateral counterpart and with the posterior parietal
cortex node in the left hemisphere (Figure 2(a)).
Similarly, within the SAL network, the supramarginal
gyrus node in the left hemisphere showed a decreased
coupling with its contralateral counterpart and with the
anterior insula node in the right hemisphere (Figure 2(b)).
When comparing the AB and BA groups at baseline, we
did not find any difference in the within-network connectiv-
ity of the RSNs included in the CONN toolbox. Furthermore,
the within-network rsFC for the FPN, DAN, SAL, and DMN
networks did not change significantly during the control
period.
3.3. Correlation between Executive Function and Resting-
State Functional Connectivity. Next, we investigated how
the changes in RSNs induced by the neurological music ther-
apy (see above) were associated with the parallel improve-
ment in cognitive function, specifically in general EF (FAB
score), set shifting (NLT switching cost errors), and self-
reported executive deficits (BRIEF-A Self-Monitor and
Inhibition subscales). We found statistically significant asso-
ciations between the therapy-induced cognitive improve-
ment and within-network and between-network changes in
RSNs after the intervention (Figure 3). Decreased within-
network FC in the left and right lateral prefrontal cortex
nodes of the FPN correlated significantly with decreased
BRIEF-A Self-Monitor scores (r = 0:485, p = 0:013, FDR-
adjusted p = 0:039, Figure 3(a), left) and showed a marginal
trend with increased FAB scores (r = −0:372, p = 0:040,
FDR-adjusted p = 0:060, Figure 3(a), right). Decreased
between-network FC between the DMN (medial prefrontal
cortex node) and the SM (superior sensorimotor cortex
node) networks correlated significantly with increased FAB
scores (r = −0:559, p = 0:003, FDR-adjusted p = 0:009,
Figure 3(b), left) and showed a marginally significant trend
with decreased NLT switching cost errors (r = 0:347, p =
0:052, FDR-adjusted p = 0:078, Figure 3(b), right). There
were no other significant correlations. Together, these results
indicate that those patients who showed a larger reduction in
connectivity within the FPN network and between the DMN
and SM networks after training, exhibited greater improve-
ment in general EF (higher FAB scores) and set shifting abil-
ity (less NLT errors), as well as greater reduction in executive
deficits in self-monitoring (smaller BRIEF-A Self-Monitor
scores). Thus, network-specific patterns of functional con-
nectivity induced by the music-based intervention were
associated with improvement in EF.
3.4. Seed-Based Resting-State Functional Connectivity. Previ-
ously, using voxel-based morphometry (VBM), we found
that GMV in the right inferior frontal gyrus (IFG) increased
significantly in both groups during the intervention period
and that this was positively correlated with enhanced set
shifting ability [31]. To examine the changes in resting-state
functional connectivity (rsFC) associated with this increase
in GMV, we performed seed-based connectivity (SBC) using
as seeds the two clusters in the right IFG that resulted from
our previous VBM analysis [31]. In the SBC analysis (results
shown in Figure 4), a paired T-test of pre- versus post-
intervention rsFC (pooling together the AB and BA groups)
revealed that during the intervention period the right IFG
increased its connectivity with the right inferior parietal lob-
ule (peak voxel x = 38, y = −46, z = 48; T = 4:95; Figure 4(a))
and the left Rolandic operculum (peak voxel x = −54, y = −2,
z = 4; T = 6:07; Figure 4(b)) with p < 0:05 after FDR-

































Figure 1: Changes in between-network connectivity induced by the neurological music therapy intervention. Nodes are overlaid on a
rendered semitransparent brain generated using CONN. Connectivity matrices display the mean post- minus pre-intervention (a–c)
Fisher-transformed Z-score correlation values for each node. The bar plots (d) show the effect size of the AB>BA and TP2>TP1
interaction represented by the Fisher-transformed Z-score correlation values for each node. FPN: frontoparietal; SM: sensorimotor; DAN:
dorsal attention; VIS: visual; DMN: default mode network; FEF: frontal eye field; IPS: intraparietal sulcus; LPFC: lateral prefrontal cortex;
LAT: lateral; MED: medial; MPFC: medial prefrontal cortex; OCC: occipital; PCC: posterior cingulate cortex; PPC: posterior parietal
cortex; Sup: superior; R: right; L: left.
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When comparing the AB and BA groups at baseline, we
did not find any difference in the whole-brain connectivity
of the right IFG seeds. Moreover, there were no significant
clusters in the SBC analysis with these right IFG seeds during
the control period.
4. Discussion
We used resting-state functional connectivity (rsFC) methods
to examine brain network changes induced by neurological
music therapy (NMT) after moderate-to-severe TBI. We
conducted a ROI-to-ROI approach with nodes from four net-
works [default mode (DMN), salience (SAL), frontoparietal
(FPN), and dorsal attention (DAN)] as seeds and all network
ROIs included in the CONN toolbox as targets. This analysis
showed that music therapy strengthened network connectivity
between FPN and DAN and between these networks and the
sensorimotor (SM) and visual (VIS) networks, respectively.
In contrast, the music therapy intervention reduced the con-
nectivity between the nodes of DMN and SM network. The
within-network connectivity revealed specific nodes of the
FPN and SAL wherein coupling decreased in the pre- versus
post-intervention comparison. Importantly, the decrease in
the FPN and DMN-SM connectivity was paralleled by cogni-
tive improvement in executive function (EF). Finally, using a
seed-based connectivity analysis, we demonstrated that the
right inferior frontal gyrus (IFG), in which we previously
observed increased grey matter volume (GMV) induced by
the music therapy intervention [31], showed high connectivity
with left frontal and right parietal regions, implicated in music
processing [for a review, see [86]]. These results reflect sub-
stantial functional neuroplasticity changes in resting-state net-
works, which taken together might be interpreted as a shift
from a hyperconnected state as reported in the TBI literature
[57] to a connectivity state where efficient communication is
maintained without a compensatory mechanism. We suggest
that this represents a shift in executive functioning from a






































































Figure 2: Changes in within-network connectivity induced by the neurological music therapy intervention. Nodes are overlaid on a rendered
semitransparent brain generated using CONN. Connectivity matrices display the mean post- minus pre-intervention Fisher-transformed
Z-score correlation values for each node. AINS: anterior insula; IPS: intraparietal sulcus; LAT: lateral; LPFC: lateral prefrontal cortex;
MPFC: medial prefrontal cortex; OCC: occipital; PPC: posterior parietal cortex; RPFC: rostral prefrontal cortex; SMG: supramarginal
gyrus; Sup: superior; R: right; L: left.
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mechanisms to an optimal sensory-integrative functioning
resembling that prior to the network disruption induced by
the injury.
4.1. Changes in Cross-Modal Integration. Our hypothesis (1)
was that NMT enhances the rsFC between primary sensory
networks and higher-order networks as a consequence of
the iterated interaction between the sensory-cognitive sys-
tems recruited by music production and perception [87].
This effect would be more prominent in the sensorimotor
network as the percussion and piano training involved exten-
sive fine and gross motor bimanual coordination, respec-
tively. In addition, the assisted piano playing included
music reading on a simplified notation system and therefore
implied a high level of integration of information from the
visual network.
The hypothesis (1) was conceptually inspired by the
“global workspace” (or cross-modal integration) notion
empirically supported by the convergence of unimodal sen-
sory networks into cortical hubs that contribute to perceptual
integration in the human brain [88]. Our results confirmed
this hypothesis as we detected an increased coupling between
the FPN and SM networks. The stepwise functional connec-
tivity performed by Sepulcre et al. [88] highlighted the dorso-
lateral prefrontal cortex, which anatomically corresponds to
the lateral prefrontal cortex node in the FPN, as one of the
cortical hubs reached by seeds in the primary somatosensory
cortex. Similarly, the intraparietal sulcus (IPS) node in the
DAN was more connected with occipital nodes in the VIS
network. This is not surprising given that visual streams have
previously been postulated to converge in the IPS [89]. We
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Figure 3: Within- and between-network functional connectivity changes associated with cognitive recovery induced by the neurological
music therapy intervention. (a) The behavior and functional connectivity values are derived from the pre-post intervention comparison,
which was significant for the within-network connectivity changes in the FPN. (b) The behavior and functional connectivity values are
derived from the AB>BA and TP2>TP1 interaction, which was significant for the network connectivity changes between the DMN and
SM network. The scatter plots represent the bivariate Pearson correlation and shaded areas represent the 95% CI prediction bounds.
FPN: frontoparietal; DMN: default mode network; SM: sensorimotor; MPFC: medial prefrontal cortex; LPFC: lateral prefrontal cortex;
Sup: superior; R: right; L: left.
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which may be related to improved regulation of perceptual
attention as recent work using meta-analytic tools has
revealed [90].
4.2. Reduced Connectivity in Network Hubs. In hypothesis
(2), we proposed that the DMN, SAL, and FPN connectivity
would be downregulated by the NMT. Our reasoning was
that the repetitive engagement of cognitive control and EF
during the intervention [18, 20] would counter the increased
connectivity and cognitive load associated with TBI. Brain
injury has a detrimental effect on automatic processes and
increases the supervisory demand for the integration of
information at all levels [91], leading to the symptoms of
fatigue commonly reported by these patients [58]. The need
to compensate for the excessive cognitive demand resulting
from focal lesions and diffuse axonal injury is consistent with
the hyperconnectivity hypothesis [54, 57, 92].
One prominent line of evidence in favor of the latter
hypothesis comes from the observation that hyperconnec-
tivity secondary to neurological damage, including TBI
[52, 54, 56, 93], is centered around nodes with a hub connec-
tivity profile. Network hubs can be defined in terms of their
structural [94–97] or functional connectivity [88, 98–100]
and are characterized by a high degree of connectivity with
the rest of the brain, thus making a strong contribution to
the global integration of information [101]. Although func-
tional connectivity does not reflect direct anatomical connec-
tions, graph measures derived from both methodologies
show great convergence with regard to the brain regions
classified as hubs. These include regions overlapping with
the nodes of the DMN, SAL, and FPN such as the superior
parietal and superior frontal cortex, the anterior and poste-
rior cingulate cortex, and anterior portions of the anterior
insula [88]. According to the hyperconnectivity hypothesis,
a major goal of the increase in functional connectivity follow-
ing injury is to re-establish network communication through
network hubs in order to maximize information transfer and
minimize behavioral impairments [57].
Here, we found that the neurological music therapy
decreased the functional connectivity within the FPN, involv-
ing a reduction in the bilateral communication between the
lateral prefrontal cortex and between the lateral prefrontal cor-
tex and the posterior parietal cortex in the left hemisphere.
Considering the hyperconnectivity hypothesis, this finding
accords with recent evidence indicating that the bilateral pre-
frontal cortices are the subcomponents of the FPN with the
highest average degree at 3 and 6 months after moderate-to-
severe TBI [54]. Several other studies reported a similar
increase in connectivity in frontal regions and FPN, among
mild TBI patients [45, 47, 52]. Our results also showed that
the anterior insula in the right hemisphere was less connected
with the supramarginal gyrus in the left hemisphere and that
interhemispheric connectivity in the latter was equally dimin-
ished after the intervention. This within-network connectivity
reduction in the SAL network, including the anterior insula, is
again consistent with the hyperconnectivity reported by
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Figure 4: Changes in seed-based connectivity induced by the neurological music therapy intervention. (a) Top: R IFG mask used as seed with
peak coordinates x = 50, y = 30, and y = 0, overlaid on the Montreal Neurological Institute (MNI) template; bottom: statistical map showing
the p < 0:05 FDR-corrected cluster in the R parietal Inf. (b) Top: R IFG mask used as a seed with peak coordinates x = 54, y = 22, and y = 12,
overlaid on the MNI template; bottom: statistical map showing the p < 0:05 FDR-corrected cluster in the L Rolandic Operculum. (c) Effect size
plots displaying the functional connectivity (mean beta values) of each significant cluster in the pre-intervention relative to the post-
intervention period. IFG: Inferior Frontal Gyrus; Parietal Inf.: inferior parietal lobule; R: right; L: left.
12 Neural Plasticity
Hillary et al. [54]. The increase in functional connectivity of
the anterior insula salience network after TBI has also been
supported by other longitudinal [41] and cross-sectional
studies [44]. Regarding the DMN, our analysis revealed a
decreased connectivity between the medial prefrontal cortex
and the SM network. Given the interference that the activation
of the DMNmay exert on attentional switching [51], it may be
the case that this reduced connectivity facilitates the sensori-
motor coupling with other brain regions involved in music
production and perception. The negative trend with EF would
lend support to this idea (however, since this correlation was
only marginally significant, it should be interpreted with
caution).
One clinically relevant implication from these findings is
that the music therapy effectively targeted network hubs
from the FPN and SAL networks and hence may have con-
tributed to the shift from a compensatory hyperconnected
state to one that does not rely on enhanced connectivity for
efficient network communication. Within the hyperconnec-
tivity hypothesis framework, it has been argued that while
this hyperconnectivity may be adaptive in the short term,
chronic hyperconnectivity may render network hubs vulner-
able to late pathological complications due to the chronically
increased metabolic stress. Although the exact mechanisms
and cognitive consequences of hyperconnectivity remain to
be elucidated, this proposal has found some support from
longitudinal studies examining the temporal evolution of
TBI recovery [54, 92]. For example, Roy et al. [92] performed
a cost-efficiency analysis and found a peak in network
strength in the frontal DMN and temporoparietal networks
at 6 months postinjury, with some residual hyperconnectivity
observable after one year but with diminished overall cost. In
this context, the NMT could potentiate the cost-efficiency
rebalancing in the TBI recovery trajectory. Though beyond
the scope of this paper, this prediction could be directly
tested by computing graph theory measures including cost,
degree, and local and global efficiency.
Indirect support for this idea comes from our correla-
tional results indicating improved performance in EF as a
function of rsFC decrease within the FPN. The NMT was pri-
marily designed to target a number of EFs (action planning
and monitoring, inhibitory control, and shifting), which are
reflected by the three outcome measures (FAB, NLT, and
BRIEF-A) showing a correlation with the therapy-induced
change in rsFC. In this context, it might be that the repetitive
practice during the music intervention reduces the cognitive
challenge and transfers to better executive functioning, thus
reducing the need for a hyperconnected state to efficiently
accomplish the task. This would fit well with the observation
that the increased activity in the right prefrontal cortex and
anterior insula cortex in a sample of TBI patients normalizes
following practice of a working memory task [91].
4.3. Relationship between Brain Morphometry and rsFC
Changes. The simultaneous combination of both structural
and rsFC measures in the context of rehabilitative strategies
for TBI has only recently started to be explored [81]. How-
ever, it offers an interesting possibility since both brain
morphometry [102] and rsFC [103] are malleable to musical
training. By cross-linking results from our previous voxel-
based morphometry publication with rsFC, we were able to
identify changes in GMV co-occurring with whole-brain
rsFC. We focused on the right IFG as this was the region
showing a significant relationship between GMV increases
and improved performance in set shifting [31]. Using two
right IFG clusters from the pre- versus post-intervention
comparison as seeds, we found enhanced connectivity
between the right IFG and the left Rolandic operculum,
which is known to be activated in the processing of music-
evoked emotions [104]. The right IFG also showed therapy-
induced enhanced rsFC with the right inferior parietal lobule
(also known as Geshwind’s territory), which is particularly
interesting since both regions are involved in musical syntax
analysis [105–107] and have a direct anatomical connection
via the anterior segment of the arcuate fasciculus [108].
Therefore, we can speculate that this effect could be mediated
by a concomitant increase in the underlying structural con-
nectivity. Future tractography studies in the same TBI cohort
could specifically address this issue.
4.4. Limitations and Future Directions. This study has some
limitations, which need to be considered when evaluating
its findings. Although this is the largest RCT using neurolog-
ical music therapy in moderate-to-severe TBI to date, the
final sample size is relatively modest (N = 23) and may
preclude the detection of small effect sizes due to lack of
statistical power. Given the difficulty in finding patients
fulfilling all the inclusion criteria, we were more liberal
in the selection of time since injury. For this reason, even
if over half of our patients sustained TBI within 6 months
or less at the time of recruitment, there is heterogeneity in
our sample. While the interpretation of our findings is
consistent with previous longitudinal studies examining
rsFC in TBI, a direct comparison is not warranted and
future RCT should consider a stratification of patients by
time since injury. Another consideration is the cross-over
design: this has the advantage that patients act as they
own controls, but the potential risk of a carry-over effect
for the group who first participated in the intervention.
Regarding rsFC, we used the resting-state networks avail-
able in the CONN toolbox that were obtained using an
ICA (N = 498) from the Human Connectome Project. This
selection, however, limited the analysis of sensory-
integrative network interactions since the auditory network
was not included. As we have established that the music
therapy effectively enhances these interactions, future anal-
yses will benefit from including nodes from the auditory
network based on brain parcellations [97] or ICA decom-
position [36]. Physiological measures to account for the
effect of breathing and heart rate in introducing structured
noise were not acquired in the collection of this data set.
Finally, although the human brain is a dynamic system,
this study investigated how the neurological music affects
the cross-modal integration across sensory and cognitive
networks with a stationary FC approach by averaging time
courses from seeds and targets. In order to gain a more
fine-grained view of how the intervention influences net-
work connectivity in the time scale, a future work should
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examine differences in the dynamic FC between these seg-
regated functional networks.
5. Conclusions
In conclusion, this study provides compelling evidence that
NMT can lead to substantial functional neuroplasticity
changes in resting-state networks after TBI. Our results lend
support to the idea that the music intervention facilitated the
integration of primary sensory information, by increasing the
rsFC between multimodal and higher-level cognitive net-
works (FPN, DAN). The shift towards a less connected state
within the FPN and SAL networks is also in line with the
notion that chronic hyperconnectivity in network hubs after
TBI can be maladaptive in the long-term. Importantly, we
found a correlation between improved performance in EF
and lesser connectivity in the FPN and the DMN-SM net-
works, which might be linked to reduced interference.
Finally, the co-occurrence of changes in brain morphometry
and rsFC connectivity, in the circuits supporting music pro-
cessing, suggests a complex picture with interrelated plastic-
ity across MRI modalities. Our findings suggest that rsFC
changes in brain networks can serve as sensitive biomarkers
for the efficacy of music-based rehabilitation after TBI. These
findings are crucial from a clinical standpoint, as effective
rehabilitative tools for reducing brain network dysfunction
after TBI are still under development.
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The attached file of supplementary materials presents two
tables with the results from the second-level analyses of the
functional connectivity between and within networks and
one figure showing the lesion overlap map. Table S1 shows
the statistically significant results from the second-level
analysis of functional connectivity between the nodes of the
4 resting-state networks of interest in this study (namely,
frontoparietal, dorsal attention, salience, and default mode
networks) with every other resting-state network included
in the CONN toolbox. Table S2 shows the statistically signif-
icant results from the second-level analysis of functional
connectivity within the nodes of the 4 resting-state networks
of interest in this study (namely, frontoparietal, dorsal
attention, salience, and default mode networks) included
in the CONN toolbox. Figure S1 shows the lesion overlap
map derived from 11 TBI patients with visible lesions.
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